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ABSTRACT
This paper presents experimental results of heat transfer drop of the single-phase flow inside the plate heat exchangers.
A unique approach is used to measure the heat transfer coefficient by measuring the wall temperatures. The local wall
temperature measurements are collected from a two-channel setup based on a commercial plate-and-frame heat
exchanger with a newly developed plate heat flux meter substituting the inner plate. Water is used as a working fluid
in a vertical countercurrent flow arrangement. The heat flux meter is made from two original plates with
thermocouples soldered to their surface and sandwiched with a thermal infill material in between. The heat flux meter
is used to calculate the heat transfer coefficient from the wall measurement and compare the reading with the overall
heat transfer coefficient of the heat exchanger for validation. Furthermore, the heat flux meter successfully showed
the distribution of the temperature, heat flux, and heat transfer coefficient for single-phase without any modification
to the geometry or the distribution area. ANSYS Fluent's (2020 R1) commercial code is used for computational fluid
dynamics simulation with the realizable k-ε turbulence model. The simulation domain reflects the domain of the tested
frame and plate heat exchanger. The simulation and experiment showed that the maldistribution of flow rate in the
channel and swirl motion around the contact points enhances the turbulence.

1. INTRODUCTION
A plate heat exchanger is a unique type of heat exchanger that has been popularly applied for transferring heat from
liquid to liquid—widely used in many engineering applications such as chemical processing, food and beverage
industry, and HVAC applications (Raju and Bansal, 1983; Shah and Focke, 1988). The advantages of plate heat
exchangers include compactness, flexibility, high heat transfer efficiency, and ease of cleaning and maintenance.
However, plate heat exchangers’ performance depends on various parameters such as working conditions, flow
arrangement, plate configuration, corrugation angle, and port configuration. Therefore, it is essential to understand
these effects on heat transfer and flow mechanisms to obtain optimum performance for plate heat exchangers.
Extensive effort has been made to experimentally investigate the heat transfer characteristics of plate heat exchangers
especially single-phase liquid-to-liquid. Khan et al. (2010) investigated the heat transfer coefficient inside plate heat
exchangers with different chevron angles, corrugation depths, and configurations. Chevron pattern plates with angles
of 30°, 60°, and 30°/60° were studied. Experiments were performed at Reynolds numbers ranging between 500 and
2500. The heat transfer coefficient significantly increased with increasing chevron angle and Reynolds number. By
comparing the area enlargement factor and the increase of Nu, the authors stated that enhanced heat transfer of a
chevron corrugation PHE is primarily attributed to the greater turbulence level rather than to the surface area
enlargement. Okada et al. (1972) studied the effects of chevron angle by including more plate geometry of 30°, 45°,
60°, and 75° on Nusselt number and pressure drop.
Also, Muley and Manglik (1999) considered two symmetric 30°and 60° and a mixed chevron 30°/60° configurations
in their single-phase experimental investigations on heat transfer and isothermal frictional pressure drop. Both Nusselt
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number and friction factor were reported to increase with increasing chevron angle. However, the frictional factor was
reported to increase more rapidly than the Nusselt number. Based on the experimental data, they reported correlations
for both heat transfer and pressure drop.
Longo and Gasparella (2007) experimented using water as a working fluid and developed a Nusselt number
correlation. They used the modified Wilson plot technique and incorporated variable fluid property effects.
Experiments were conducted on a herringbone-type plate heat exchanger with a chevron angle of 65°. This part of
their work was intended to support two-phase heat transfer experimentation.
Jin and Hrnjak (2017a) showed that the endplates of PHEs function as fins, and this effect could be significant when
the plate number is small. They also developed a correlation for single-phase water by considering the endplate effect
as a fin in enlarging the surface area for the heat transfer coefficient.
Ayub (2003) presented a detailed review of available single-phase correlations on plate heat exchangers. Table 1
includes single-phase heat transfer correlations in the literature developed for a chevron angle of 60°, similar to the
tested plate heat exchanger in this paper.
Table 1. Single-phase Nusselt number prediction method inside plate heat exchanger.
Reference
ϕ
Pc/b Dh (mm)
Re
Pr
Predicted Nu for single phase
0.14
Muley & Manglik
1.29
3.6
5.08
600-10,000
2-6
0.7823
13  
Nu = 0.1096 Re
Pr 
(1999)

  wall 
Okada et al. (1972)
1.294 4.55 8.0
400-15,000
Nu = 0.317 Re0.65 Pr 0.4
Longo & Gasparella
1.117 4.0
4.0
350-1100
5-10
Nu = 0.277 Re0.766 Pr 0.333
(2007)
Talik et al. (1995)
1.22
1.55 4.65
1450-11,460 2.5-5
Nu = 0.248Re0.7 Pr 0.4
0.14
Khan et al. (2010)
1.117 2.84 6.3
500-2500
3.5-6.5
  
Nu = 0.1449 Re0.8414 Pr 0.35 

  wall 
Most of the work in the literature doesn’t account for the effect of the Dynamics viscosity at wall conditions by
neglecting the Seider-Tate correction factor (μ/μwall). Other authors who considered Seider-Tate, predicted the
temperature at the wall to find the viscosity at the wall temperature. Usually, the wall temperature is calculated by
averaging the bulk temperature from the cold and hot streams. Or Muley and Manglik (1999) determine the wall by
iterating the wall temperature from the heat and resistance balance.
In addition to the experimental investigations, numerical simulations were widely used to elaborate on the
thermohydraulic transfers in plate heat exchangers. Liu et al. (2010) and Tsai et al. (2009) simulated the water flow
inside a BPHE consisting of 2 channels (β=65° and b=2 mm). They showed that the simulation results are 30%
underestimated compared with experimental results for the range of Reynolds number (Re<430). However, Liu et al.
(2010) agreed well with the experimental results after considering the k-ε model of FLUENT.
Kanaris et al. (2006) conducted thermo-hydraulic simulations for the plate heat exchanger using CFX (ANSYS)
software with K-w and SST models. The temperature profiles obtained by simulation showed a good agreement with
the experimental measurements from the infrared camera. The validation indicates that CFD codes predict the proper
behavior of the flow characteristics and heat transfer in the complex corrugated structure.
The present paper explores the heat transfer coefficient in a two-channel setup plate heat exchanger by measuring the
wall temperature. A novel method (Jin and Hrnjak, 2017b) is used to measure the distribution of wall temperature on
each side of the channel to measure the local heat transfer coefficient for better development of heat transfer coefficient
prediction in the complex geometry of plate heat exchangers. Furthermore, ANSYS Fluent was utilized to simulate
the corrugated shape flow to predict the velocity distribution and validate the thermal-hydraulic performance with the
experimental.

2. EXPERIMENTAL METHODOLOGY
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2.1. Experimental Facility
Figure 1. represents the schematics of the experimental facility used in measuring the thermal and hydraulic
performance of a single-phase for plate heat exchanger. It consists of two independent loops: The water loop involves
the test section and a water-glycol loop for cooling. The test section is a commercial Plate-and-Frame heat exchanger,
providing two-fluid water streams in a counter flow arrangement with an equivalent mass flow rate. The measured
mass flow rate stream enters the test section as a cold stream in the upward direction. The cold outlet stream is then
further heated to the desired temperature to be sent as the hot stream. Finally, the outlet of the hot stream is cooled
again by exchanging heat with the second cycle using water-glycol and chiller.

Figure 1. Scheme of the experimental setup with cross section image of the heat exchanger

Table 2. Measurement uncertainty
The test section was insulated to reduce the heat loss and
Measured Parameter
Uncertainty
balance the energy between the two flows, as shown in
Temperature (T-type TCs)
0.1-0.2 °C
Fig 1. Coriolis type flow meter (Micromotion CMF25),
absolute and differential pressure transducers
Absolute pressure 0~2 MPa
0.25% (full scale)
(Rosemount), and type T (copper-constantan) Differential pressure 0~10 kPa
0.25% (full scale)
thermocouples (Omega) are installed at locations as
Mass flow rate 0~150 g/s
0.1% (reading)
indicated in Fig. 1. Their range and uncertainty after
calibration are listed in Table 2. All data are obtained under steady-state conditions for about 20 minutes.

2.2. Plate Geometry
Experiments were carried out using a commercial Frame-and-Plate heat exchanger manufactured by APV-SPX Flow
with a chevron angle β of 60°; the model is SR1MS11. The important geometries of the heat exchanger plates are
depicted in Fig. 2. It is a 1pass-1pass U-type configuration along with the geometrical parameters. The plate surfaces
are pressed together to groove with the corrugated sinusoidal shape and the chevron angle β. The corrugated pattern
on the two outer plates has a V shape, but the middle plates have a contrary V shape on both sides. This arrangement
results in many contact points between the plates that cause unsteadiness and randomness in the flow. They resulted
in turbulence in the flow even at a low Reynolds number. The transition to turbulence in PHE usually happens from
10<Re<200 (Shah and Sekulic, 2002).
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Figure 2. Geometrical parameters of tested PHE

Figure 3. Component of the Heat Flux Meter (HFM)

The effective area of the plate heat exchanger Aplate is calculated from the project area and the enlargement factor ϕ,
which is approximated for a sinusoidal corrugation, using the dimensionless corrugation parameter X:

=

Aplate
Aprojected

=

(

1
1+ 1+ X 2 + 4 1+ X 2 2
6
X=

)

b
Pc

(1)
(2)

Here the projected area dimensions are the hexagonal shape that encounters the corrugated patterns where the fluid is
expected to travel on both sides and transfer heat; the distribution area is not included. This results in a smaller area
compared to what most of the literature defines as Aplate= ϕ×Aprojected=ϕ×Lw×Lp, where Lw and Lp are the width and
length of the plate, respectively. The projected area's border is indicated in Fig. 2.

2.3. Heat Flux Meter Plate
A unique instrumental Heat Flux Meter (HFM) plate was installed to separate a hot-water stream and a cold-water
stream to measure the local thermal performance between the two channels, as shown in the schematic in Fig.3. The
heat flux meter HFM is made of two original plates stacked with epoxy between them. The thermocouples are soldered
at the inner surfaces of the plates in the same location to measure the temperature. The calibrated thermal resistance
of the infill material between the plates is used to measure the local conductive heat flux. Figure 3 shows the location
of soldered thermocouples on one side of the plate. After soldering the thermocouples, the epoxy JB-Weld is added
first to the corrugation valleys; then, an excess amount is added to fill the gap between the two plates. To control the
thickness between the two plates, aluminum strips are located around the edge of the heating area before the HFM
components are pressed together.

3. NUMERICAL SIMULATION ANALYSIS
The commercial ANSYS Fluent software was used to analyze the numerical simulation of the flow. The plate
geometry was drawn using SPACECLAIM software that represents a domain of the plate heat exchanger bounded by
the projected area defined in Fig. 2. The distribution area is not considered where the mass flow rate is uniform at the
inlet conditions. The domain considered is presented in Fig. 4.
Polyhedral cells were used to create the mesh of the simulated domain with a refinement of the mesh near the wall to
capture the boundary layer using the prism layer method. The outcome will be more measuring points near the contact
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point. The alternative orientation of the corrugations plate relative to their neighboring plate ones results in different
longitudinal cross-sections of the plate heat exchanger. Figure 5 shows a presentation for cross-section through contact
points (Fig. 5a) and continuous flow (Fig. 5b).

Figure 4. Fluid flow domain considered is
bounded by the dashed red line.

Figure 5. Meshes with polyhedral cells and this layers near wall for (a)
section with contact points (b) continuous flow section.

The controlled boundary conditions are the imposed mass flow rate and inlet fluid temperatures for both streams.
Since the simulation reflects the experimental, the mass flow rate of both streams is kept the same. The outlet of the
domain is set to free pressure/temperature condition. The other lines of the boundary are set to no-slip wall. The
turbulent model k-ε was used for all the ranges for Reynolds number tested Re>100.

4. DATA REDUCTION
4.1. Heat Transfer Coefficient
The experimental measurements consist of the water flow rates, pressure drop, and temperature at the inlets and outlets
of the tested plate heat exchanger. The thermophysical properties of the water are calculated using the software
REFPROP V9 (Lemmon et al., 2018) at the bulk mean temperature given by:

Th =
Tc =

Th ,i + Th ,o
2
Tc ,i + Tc ,o
2

(3)
(4)

where the subscripts ‘h’ and ‘c’ indicate cold and hot water streams, respectively; ‘i’ and ‘o’ indicate the inlet and
outlet, respectively. The inlet and outlet temperatures were measured after the static mixer, as shown in the
experimental schematic in Fig. 1. The average heat transfer calculated by Eq. (5) is a function of the hot and cold side
energy balance in Eqs. (6) and (7), respectively.

Qh + Qc
2
Qh = m  c p ,h  (Th ,i − Th ,o )
Qavg =

Qc = m  c p ,h  (Tc ,o − Tc ,i )

(5)
(6)
(7)

A balance between each flow is achieved with a maximum percentage difference of 5.3%. 53 runs out of the 57 showed
a percentage difference of less than 4%, as shown in Fig. 6(a). Furthermore, the conductive heat measured by the HFM
is calculated according to Eq. (8),
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QHFM =

(T

w, h

− Tw,c )

Rinfill Aplate

(8)

where Tw,h and Tw,c are the average wall temperature measured from the HFM on the hot and cold sides, respectively.
The thermal resistance Rinfill of the infill material between the two walls is calculated from a calibration method
described in detail before (Farraj and Hrnjak, 2021). The heated area Aplate considered is like the area illustrated in Fig.
2. The conductive heat measured by the HFM is compared to the average heat transfer in the streams and showed a
good agreement within 5%, as shown in Fig. 6(b).

Figure 6. Heat balance between (a) hot and cold streams (b) HFM and average heat transferred in streams.

The convective heat transfer coefficient of the hot htch and cold htcc streams can obtain by knowing the total measured
wall temperature from the 44 thermocouples on each side respectively as follows:

Qavg

htch =

Aplate (Th − Tw, h )

htcc =

Qavg

Aplate (Tw,c − Tc )

(9)

(10)

The heat exchanger's overall heat transfer coefficient U is calculated from two independent approaches: using the
logarithmic mean temperature difference ΔTLMTD as in Eq. (11) and the relationship with the thermal resistance within
the tested plate heat exchanger. The first approach depends on the temperature reading at the inlet and outlet. However,
the second approach uses the data from the HFM as in Eq. (12).

U=

Qavg
Aplate TLMTD

1
1
1
=
+ RHFM +
U htcc
htch

(11)
(12)

The thermal resistance of the HFM RHFM is the sum of the thermal resistance of the infill between the two plates that
measure the wall temperatures and the two stainless steel, which results in 0.00417 (K·m2)/W. The logarithmic mean
temperature difference ΔTLMTD for the counter-flow arrangement given by

TLMTD =

(Th ,i − Tc ,o ) − (Th ,o − Tc ,i ) 

=
T1




T
−
T
( h ,i c , o )
ln
T2  ln 

(Th,o − Tc,i )


 T1 − T2 
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However, the effective heat transfer area could be more significant due to the effect of the endplate on the heat transfer
to the fluids. In the experimental plate heat exchanger test section, where few numbers of plates are being used for
investigation purposes, conducted heat is being enhanced through the contact points between two adjacent plates at
the endplates. Those contact points function as fins and increase the effective heat transfer. Jin & Hrnjak (2017a)
showed that the efficiency decays with the heat transfer coefficient. Since the same plate heat exchanger is used as in
the previous work, the same method is used to find the fin efficiency as a function of the heat transfer coefficient.

4.2. Pressure drop
The pressure drop is also measured for each channel in the tested plate heat exchanger to calculate the Fanning friction
factor. The differential pressure transducer was installed at a location higher than the test section, and the connecting
tubes were purged before the experiment to make sure they were filled with water. Therefore, the static pressure drop,
namely the effect of gravity, was excluded from the measurement, as was also verified before each experiment when
the system was still. The frictional pressure drop Δpfrictional is calculated from the measured pressure drop Δpmeasured,
and pressure loss at the inlet and outlet port Δpport, as well as the losses in the pipes between plates and measurement
location Δppipe.
p frictional = pmeasured − p port − p pipe
(14)
The port losses Δpport, at both inlet and outlet of the heat exchanger for both fluids, are estimated based on the empirical
equation by Shah et al. (1988)
2
p port = 1.5 ( V port
2)

(15)

The Fanning friction factor f for a single channel is calculated through Eq. (16). It is correlated with Reynolds
number Re, as calculated by Eq. (17).

f =

 Dh p frictional
2 Lp ( m Acs )

Re =

(m

2

Acs ) Dh



(16)

(17)

5. RESULTS AND DISCUSSION
5.1. Heat Transfer Coefficient
Experiments were carried out for different mass flow rates and different fluid temperatures to investigate the validation
of measuring the HTC from the wall temperature. The investigation covers a range of Reynold numbers from 100 to
650 and Prandtl numbers from 3.4 to 10. Figure 7 shows the HTC of the hot and cold streams calculated using Eqs. 9
and 10, respectively. The trends show that the HTC increases with the mass flow rate and the fluid temperature.
Figures 7 (a) and (b) show that the HTC of the hot stream is always higher than the cold stream, and that agrees with
the better thermophysical properties for transferring heat.
The calculated HTC from the wall temperature is substituted to Eq. 12 to obtain the overall heat transfer coefficient,
to be compared with another method of calculating U from Eq. 11. T The calculated HTC from the wall temperature
is substituted to Eq. 12 to obtain the overall heat transfer coefficient. The comparison between the two methods agreed
within ±5%, as shown in Fig. 7(c).
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Figure 7. HTC reading from the (a) hot and (b) cold streams and the (c) comparison with the overall HTC

A typical set of results of the two wall temperatures of the HFM are plotted in Fig. 8, with arrows showing each
stream's inlet/outlet directions. The figure also shows the maps of heat flux and HTC on each side according to Eqs.
9 and 10. Linear interpolation was used to find the distribution between the 44 measured and calculated values.

Figure 8. local wall temperature of (a) hot and (b) cold sides and their corresponding (c) heat flux, (d) HTC on the hot side, and
(c) HTC on the cold side.

The maldistribution of the wall temperature, which is influenced by the maldistribution of the mass flow rate along
with the plate, results in the heat flux distribution in Fig. 8(c). The highest heat flux was found to be near the inlet of
the hot stream, which the upward cold stream could exist in that region also, resulting in a higher temperature
difference. The gravitation forces cause the downward hot stream to flow directly to the outlet leaving the top left area
unoccupied. This flow maldistribution results in an inefficient area near the outlet of the upward flow. The same
behavior of heat flux is shown near the cold-water inlet, where the hot stream tends to escape the channel directly to
the less resistive path.

5.2. Pressure drop
As shown in Fig. 9, the friction factor shows an obvious transition in the trend around the Reynolds number of 100.
Compared with f in an equivalent flat plate, as predicted by Kakaç et al. (1987), the measured friction factor shows a
much larger value and lower Reynolds number in transition to turbulence. The transition to turbulence could happen
from 10 < Re < 200, which agrees with the literature (Shah and Sekulic, 2002). A similar trend was documented such
as Focke et al. (1985). The difference in value may be attributed to the variation in the geometry. Instead of a general
correlation, the obtained friction factor was only a characterization of the plate used in this study. Moreover, the
simulation was conducted for the single domain at the same range as the experimental Reynold number. The two
results have a similar general trend, with the transition point at Re around 100.
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Figure 9. Friction factor vs. Reynold number: validation with simulation results and comparison with a prediction equation

6. CONCLUSIONS
This paper presented more insightful details on the local heat transfer coefficient from experimental measurements for
the single phase. A fabricated Heat Flux meter plate measured the conductive heat from two water streams flowing
vertically in a countercurrent arrangement. The unique sensor provided the distribution of wall temperature on each
side and better separation of thermal resistances for each stream and the distinguished plate. Therefore, more
understanding was provided for the single-phase convective heat transfer between the wall and the fluid. The
experimental results were further validated with simulation results obtained from the commercial software ANSYS
Fluent. The validation was based on comparing the pressure drop and outlet temperature between the experiment and
simulation results. The confirmation helped obtain more information like the local mass flow rate and temperature of
the fluid. The outcome of that work shows that more investigation is needed for the single-phase heat transfer
coefficient proposed for the plate heat exchanger. The Nu prediction equations in the literature follow the same format
in a tube. However, with higher mass flux, swirl motion increases and enhances the turbulence and heat transfer near
the wall because of the contact points. Also, the continuous pattern of the contact points in the channel disturbs the
boundary layers and the overall distribution of mass flow rate.

NOMENCLATURE
β
chevron angle
(°)
Δp
pressure difference
(kPa)
ΔT
temperature difference
(K)
μ
viscosity
(Pa·s)
ρ
density
(kg/m2)
ϕ
enlargement factor
(-)
A
area
(m2)
b
depth
(mm)
cp
specific heat
(J/kg·K)
Dh
hydraulic diameter
(mm)
G
mass flux
(kg/m2·s)
Subscript
HFM
from heat flux meter
h
hot side
i
inlet

h
htc
ṁ
Pc
q
Q
R
T
U
x

w
c
o

enthalpy
heat transfer coefficient
mass flow rate
amplitude
heat flux
heat transfer rate
thermal resistance
temperature
overall heat transfer coef.
quality

(J/kg)
(W/m2·K)
(kg/s)
(mm)
(W/m2)
(W)
(m2K/W)
(K)
(W/m2K)
(-)

at wall surface of plate
cold side
outlet
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